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ABSTRACT. By utiJiamg the x'ooont cojnpi'OHaibility (lain, Uio potential field of 
argon has been clotormined on tlie Lonnard-Jonos (12'b) and (9:0) modolH. Tlio force const­
ants thus dotormined on the L-J (12-0) model give a better corrolation oi tlio various pi’ojioj’tios 
of argon than those obtained previously. A consideratien of Hut ocpiilibrimn properties of 
argon lends support to the suggestion of Kihara that the iiotential bowl of the sphorioal 
molooules should bo wider than that given by the L-.l (12.6) model
I N T B O D U C T I O N
Considerable progress has already been made in eorrclaiing the various 
bulk properties of molecules and particular success has been achieved in the 
case of spherical molecules. One of the most common forms of the intermole- 
cular potential used for this ])ui'posc is the Lcunard-Jones (i; : 7n) potential
5d
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M'here r is the distance between the two molecules and t is the potential minimum 
at r —- The quantity is related to (t„, the value for which (j>{r) — 0, by
the relation
/  7)1 \ Ji”
(
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Tlieoretical considerations lead us to assume 7n — 0, but it is impossilile 
to fix 7b from theory and it is usual to determine n from best empirical fit.
Even for spherical molecules, there lemaiiis some Liuccrtainty about the 
best value of the index n. Several workers, HirschfcJdor, et al, (1948), Srivastava 
and Madan (1953a, 19536) and others have shown that the transport properties 
can be represented reasonably well with 7i =  12. Unlortunately due to difficulty 
in evaluating the complicated collision integrals for the transport properties, 
these have till now been evaluated only for m — 6. 7b ^  12 (Hirschfeider, et. al., 
1954) and for m =  4, n (Clark-Jones, 1940),
It has been found that amongst the equilibrium properties the second virial 
coefficient B(T) is rather insensitive to the form of potential chosen, The reason
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for this may be found in the recent work of Kellar and Zumino (1959) which shows 
that B(T) alone can determine only the repulsive part and the width of the inter- 
molecular potential as a fmujtion of its depth. So it appears that from a considera­
tion of B{T) data at sufliciently high temperatures (AVhore the rexmlsive j)art of the 
potential is more important), it should be j)ossible to find the best value of n. 
Unfortunately, no such data exist. A serious disadvantage iji using the third 
virial coefficient, (J{T) (which is sexisitivc to the potential form chosen), for deter­
mining the intermolecular ])otential is the difficulty of obtaining accurate values 
of 6^7'), unless the comxirossibihty data are very accurate. However, Bahadur 
and Hadan (1960) have tried to obtain the force i)arameters on the L ~ J  (12 : 6) 
jiotential from C{T) data by drawing smooth curves. Very recently, Guggenheim 
and McGlashan (1960) have obtained a 6ve parameter j)otential for argon by 
utilising mainly the various crystal iiropcrtics. It has however been shown by 
Jansen and McGinnics (1956) that m the ('lystailme state the assimixitioii of pair­
wise additivity of the molecular forces is not strictly valid. The three-body 
long range forces in a crystal have been found to contribute a sizeable portion of 
the total Van der Waals interaction energy which becomes greater, the Jicavicr 
the atom and the higher the density of the crystalline medium. Consecxuently, the 
treatment of Guggenheim et. aJ., which is based on two-body forces, is some­
what uncertain,
Kihara (1953, 1955), from a consideration of B{T) and ('\T) values suggested 
that at least for the spherical molecules, the potential bowd should be wider than 
that given by L—J (12 ; 6) potential, and L — J (9 : 6) model might give better 
representation of the various molecular properties. However, some of the f '(7’) 
values used by iCihara were not very reliable. Other workers HirschfeJder, 
et 111., (1954), Beattie (1952) and Michels (1958), have also found that the 2j—J 
(12 : 6) iiotontial is incai)able of giving a comiiletely satisfactory representation 
of the various equilibrium projicrties and have suggested that the diserej)ancles 
may be duo to incorrectness of the iiotential form. It aiqicars therefore that 
Kihara’s suggestion lequires furtlior investigation. For this j)ur})ose wc have 
chosen to consider the case of argon for which comiiressibility and other exjieri- 
nioiital data exist in the literature in the hope that a thorough consideration of 
various properties of aigon may clear iqi some of the uncertainties. Attempts 
have also lieeu made to got a set of force constants on the J (12 ; 6) model 
W’hich will give a better corrcJatioii of the various properties of argon than that 
obtained hitherto.
U E T E K M I N A T I O N  O K  T H E  P A B A M E T E R S
We have followed the procedviro of WhaJlcy and Schuoidor (1955) in fitting 
the exiierimental second virial data to the Leiinard-Jones (12 ; 6) and (9 : 6) poten­
tials. The data iiscil are those l ecently published by Michels et al. (1958) together
witli their earlier tleteniiillations (1949) in the lempei'ature raaige from —15()°C 
to +150®C. The yccond virial cooflficieut B{T) may be written as
B {T )^pB *{T ^) ... (3)
where p is a constant depending on cr and B*{T*) =  B{T)IB{l\ig.tph. The 
tables of B* as a function of T* have been obtained for the L -J {\ 2  ; 6) model 
by Hirschfelder, et al (1954) and for L —^ J (9 : b) model by Epstein and Hibbert
(1952). First the })arainetcr p (which gives rr) and cjk have been obtained approxi­
mately by following the graphical ])i-nc,ediire of Leniiard-Jones (1924). Tn order 
to determine p and ejk more accurately the method of least squares (Doming 
1943) has been applied as follows :
Let the approximate values of p and tfL determined graphically be p^  and 
{cjJc)Q and
elk ... (4)
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p ---= P o -L (5)
where K  and L arc small correction terms. Then the normal equations for com­
puting the correction terms are wrilten as
with
LF, \-F „)F ,n^n  
F„  ^  n(T)~pB *(T*)
K i„  ^ - [ P i m - ]  ■ T* ( g * )
Vp ^  B^{T^).
TABLE I
(6)
(7)
Parameters tin L - J  (12 : (i) and (9 ;: 6) potentials
Authors
L-iT (12:6) model L-J (9:6) model
(tA e/iT^ K oA
Present work 2.418 120.23 3.584 80.50
Michels, et al. (1949) 3.405 119.8 — —
Whalley and 
Sohnoidor (1955) 3.409 119.49 3.507 80.64
Hirschfelder, et al. 
from viscosity (1954) 3.418 124 __ —
Bahadur and 
Madan (1960) 3.419 120.5 - —
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Here and Fp are to be calculated using the absolute values
and pfl. Eqs. (6) and (7) are then solved for K  and L. If the difference between 
(c/A:)o and and ejk and p comes out to be more than a few percent the fitting 
is done by using better approximations.
The force constants thus determined on L —J  (12 : 6) and (9 : 6) models 
are shown in Table I, together with the values obtained by other workers.
C O M P A K . T S O N  W I T H  E X P E R I M E N T
(a) Equilibrium Properties
(i) (Second Vir^al and Third Vinal Coefficients
The experimental and calculated values of second virial coefficient B{T) 
and the third virial coefficient C{T) on Lonuard-J ones (12 : 6) and (9 : 6) models 
are shown in Table II. For B{T) it is not possible to determine the superiority 
of the L —J (1 2 .6) or the L —,/(9  : 6) potential over the other. It is, however, 
to 1)6 noted that Michels, et al. (1958) could not fit their B{T) data at 
loAver temperatures on the L— .7(12: 6) models with the force constants xireviously 
flcterminefl by them (1949). It will be seen that wdth the force constants deter-
TABLE 11
Exiierimental and calculated values of B[T) and C[T) on the L —J (12 . 6) 
and 7 —7(9 ■ 6) models
r  ’K
B(T) (c.c./mole) C(T) (c.c./mole)2
Expt. L-J (12:6) 
calc.
L-J (12.6) 
from 
MIcIioIh 
et al.
L-J (9 0) 
calc.
ExpL L-J (12:0) 
oalo.
L-J (9:6) 
model
133.2 -107.98 -100.79 -104 95 -104.79 2656 1420 1976
138.2 -100.88 -  99 09 -  98.13 -  98.04 2418 1478 1964
143.2 -  94.43 -  92.80 - 92.22 -  92 19 2417 1603 1943
148.2 -  88.45 -  87.95 -  87.36 -  80.77 2357 1605 1913
ir>o.7 -  85.04 -  85.34 -  83.08 -  84.20 2313 1604 1899
153.2 -  82.97 -  82.81 -  81.20 -  81.79 2278 1499 1882
1H3.2 -  73 25 -  73.31 -  72.23 -  72 77 2104 1468 1810
173 2 -  05.21 -  05.03 -  03.68 -  66 05 2016 1416 1740
188.2 - 54.83 -  55.40 ~ 64.16 -  55.11 1791 1336 1637
203.2 - 40.83 -  47 14 -  46.90 -  40.93 1711 1256 1571
223 2 -  37.43 -  38.36 -  37.27 -  37.91 1541 1175 1451
248.2 -  28.57 -  30.61 -  28.40 -  28.96 1365 1086 1340
273.2 -  21.45 -  21 95 -  21.49 -  21.92 1270 1020 1279
298.2 -  15.75 -  15.83 -  15.93 -  15.98 1160 977 1241
323 2 -  11.24 -  11.05 -  11.16 -  11.38 1130 935 1176
348.2 -  7.25 -  7.48 -  7.28 -  7.36 1040 906 1139
373.2 -  4.0 -  4 10 ~  3.98 -  3.94 1000 883 1110
398.2 -  1.18 -  1.34 - 1.14 -  1.046 970 866 1084
423.2 +  1.38 H 1.23 +  1.31 +  1.34 880 852 1062
minod in this paper, the low temjieraturc B{T) values of argon can also be repre­
sented satisfactorily on the L --J (12 . 6) model.
The agreement between the experimental and the calculated values of 0{T) 
is not good either for the L --J  (12 ; 6) or L—J (9 : 6) potential, but is definitely 
better on L —J (9 : 0) model.
(ii) Jonle-Thorfhson coefficient
The Joule-Thomson Coefficient at zero pressin'e //® may be writteJi on the 
L —J (12 : 6) model as
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=  b,{B\ -  B*) (8)
TABLK 111
Experimental and the e.alculated values of the J —T coefficient ol argon 
at zero pressure in °C atm~’
’ °K
juo X 10'* 
Expt. (u)
ju.0 X 10“
on the L.J (12;6) 
model
/to X 103
on iho L-«T (9:0) 
model
123.2 J. 750 1 648 1 527
137.7 1.293 1.386 I 311
148.2 1 075 1.217 1.155
100.7 0.935 1 070 J 026
173.2 0 835 0 988 0 9022
185.7 0.756 0.884 0.8034
198.2 0.095 0 736 0.7211
223.2 0 57S 0 632 0 587
248.2 0 4905 0.522 0.492
273.2 0.418 0.445 0.419
298 2 0.300 0.388 0.362
323.2 0.312 0.330 0.314
348.2 0 270 0 304 0 2745
373 2 0 236 0.245 0.239
398.2 0.204 0.214 0.207
423.2 0.178 0.186 0 181
473.2 0.134 0.140 0.129
(a) J. R . Roebuck and H. Osierberg, ^1934)
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where ia the zero preasme value ot the molar specific heat, — \7tNo^  and 
d B * f^itction of T*
(Flirschfeldor ti aL, 1954).
On the L —J{^ \ 6) model Epstein and Hibbert (1952) have calculated the 
values of j3* as a function t)f 1 /T*. From these tables the values of B* and 
B*i as functions of T*. required for calculating were obtained graphically.
The vahies thus obtained are given in apjieudix which may be utilized for the 
calculation of //,® on the L~~J (9 : 6) model. The experimental and the calculated 
values of on different molecular models are given in Table III. It is interesting 
to note that Mirschfelder (1938) could not fit the experimental //.“ data for argon 
on the L — J (12 ; 6) model Table 111 shows that the L —J ( 9 . 6) potential gives 
a better agreement with the experimental values of /t® than the 7v“  J (12 ; 6)  ^
model.
' (iii) Crystal properties
The heat of sublimation, ^7/^(0) and the lattice spacing, Ji, both at 0"K are 
simply correlated with the iutcr-molecula-r potential provided the substance 
crystallises m the cubic system. The equatiojis for the lattice spacing including 
the effect of zero point energy have been given by Corner (1948) for {n : 6) poten­
tial which have been reduced for the L - J (12 . (i) and L —J (9 * 6) potential 
as follows :
For the L —r7(l2 ■ 6) potential,
7 7 0 ,1  (J )
G
-lOC'a
{ 2 2 f ' i ,
( 1
) - 5 0
(9a)
and for L — J  (9  ; 9) potential
) ‘ + i  l i f e r
IlC\i /
\ R
) ’ -50 ,
4Cu (
i t \ R
i
(9b)
where =  value of r at potential minimum 
h — Planck’s constant 
m =  mass of the nudecule
and C'n for n ^  1,2, etc. are numerical constants calculated by Lenuard-Jones 
and Ingham (1925). Using the force constants determined in the present paper, 
the value of R was evaluated from Eqn. (9). This value of R was used for cal­
culating the with the help c)f eijuatiou given below for (« : U) potential.
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The values ol and R thus obtained togelher with the experimental
values arc given in Table TV. It is to be noted thal the crystal data cannot give 
any definite information about the suitability of any particular form of potential 
as it has been shown by McOiniics and Jansen (1950) that the asHumption of the 
additivity of molecular iorce js not possibly valid in tins crystalliiu3 state. Oonso- 
quontly, equations (9) and (10) wliicli are based <ui tliis assumptions are somewhat 
uncertain.
TAHLE TV
Experimental and calculated values of and R for argon
Authors
in cal./molo R  m A
Escjit Calculated Kxjit. Calculated
L-J (12-C) L-J (9:0) L-.l (12:6) I.-J(9;0)
I’roaont work
a
1998 J:40 2010 1722
b
3 81 3.73 3 908
Whalley and 
(Sclinoidor
203:M-6 1718iO 3.707 3.929
(a) WJialloy and Schueidov, (19o;i)
(b) Simon and Von Simon, (1924)
(6) Transport properties
(i) Viscofiiiy
1'he experimental and the ealcuiated values of viseosity of argon on L ~ J  
(12 . 0) model have been given in Table The agreement of calculatcrl values 
with the experimental data is better than that obtained by using Michels’ force 
eonstants. It has long been known thal the high temperavairc viseosity data 
of argon caimot be rejiresented well by the L -  J (1 2 .6) potential. This may 
he due to the increasing imiiortanec of the iqmlsive part of the intetmolecular 
potential at high tenujcrature which should vary exponentially laiher than obey 
an inverse ;|3ower law.
(ii) Thermal conductivity :
The experimental and calculated values ol the thermal conductivity of argon^
is given in Table Vi. The theoretical values were calculated to the first approxi-
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TABLE V
Experimental and calculated values of viscosity of argon (in 10~’  gm/cm.tiec)
r  “K JGxiit,
Cttlculatod 
from oui- 
constanlK
Calculator! 
from foroo 
conHl>ants 
of Michels, 
( e t  c d ) .
Calculated 
from force 
Constant’S 
from 
viscosity
Bof for 
Expt. data
80 688 660 066 649 a
120 993 997 1005 979 a
IGO 1298 1319 1332 1,300 a
200 1594 1620 1036 1601 a
240 1878 1902 1920 1882 a
280 2145 2166 2182 2143 a
298 2228 2274 2279 2267 b
575 3085 3704 3737 3082 c
(170 4115 4133 4169 4111 K
800 4621 4662 4698 4641 U
1200 5947 6066 6113 6083 a
1500 6778 6953 7161 6983 a
(a) Jolmston and Grilly, (1942) (b) Kostm and Loidonpost (105P
(c) I’rautz Molstor and Zmk, (1930)
inatioii on the Chapinan-Enskog theory (Hirschfelder, et al., 1954). It may be 
H€?en that the force (ionstantn deterinincd in the i^rescnt woi’k from the second 
virial coefficient can represent the thermal conductivity of argon almost as 
satisfactorily as bhosi! determined from viscosity.
TABLE VT
Experimental and calculated values of the thermal conductivity K  
(in cal. cra-h sec h deg^h) for argon. '
T Expt (a)
(lalculatod 
li’om our 
lorcfi 
constants
Caleulatocl 
f rom force 
rsonstants ol‘ 
Michel, c l  a l .
(.alciulatcd 
from force 
i!OiiBtanls 
Iroin viscosity
90.23 141 139 140 137
194.7 293 295 298 292
273.2 394 395 399 392
373.2 506 505 509 504
491.2 614 618 623 619
579.2 684 694 700 696
(a) Eaunuluik and Carman, (1952)
C O N C L U S I O N S
(1 ) A consideration of the equilibrium pi operties of argon lends support to 
the suggestion of Kihara that the potential bowl of the spherical molecules should 
be wider than that given by the L —J (12 ; 6) model. The fact that the high 
temperature transport properties requii'e. a value of index of repulsion higher 
than 12 may be due to the inadecjtuacy of inverse power repulsion at higher 
temperature. Hence at moderate temperature a L —J (9 ; 6) model may possibly 
give a better representation of the potential field, than a L —J (12 : 6) potential.
(2) '  The set of force constants obtaiiiocL on the L—*7(12 : 6) potential in 
this paper gives a more consistent representation of tlie various properties of 
argon than those hitherto obtained.
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The values of Ji* ami T* ou the L - ./ (9: 0) model were obtained graplii-
eally irom the table given by Bpstem ami Hibhert (10ri2). The values Ihufi 
obtained are given in Table VII. This table may be used to ealeulatc the *Joulc- 
Thomsoii Coefficient at Koro preH.surc on the h  — J (9:6)  model. ^
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TABLE VII
dB*Table for B* and Bj*  ^ ealculating the zero-pressure Joule-
Thomsun Coefficient on L— J (0 : b) model
T* B* B,*
0.5 
0.55 
0.00 
0 05 
0.70 
0.75 
0.85
0 90 
0.95
1 0 
1.1 
1.2 
J.3 
1.4 
1 5 
1 6
1.7
1. 8
1.9 
2 .0  
2.1 
2,2
2.3
2.4
2.5
2.6
2.7
2.8
2.9 
3 0
-1 1 .1 9
-  9.40
-  7.94
-  6.98
-  6.17
-  5.52
-  4 52
-  4 04
-  3.74
-  3.40
-  2 97
-  2.50
-  2 25
-  2.00
-  1.78
-  1 58
-  1 42
-  1 29
-  1 15
-  1.05
-  0 958
-  0.868
-  0.787
-  0 714
-  0.046
-  0.585
-  0 530
-  0.477
-  0.435
-  0.390
17.25 
10.51 
13.80 
11.70 
10.15 
9 00 
7.31 
0.58 
6 03 
5 3
4.02
4.03 
3.62 
3.23 
2.91 
2.69 
2.49 
2.29 
2 12 
1.96 
1.84 
1.702 
1.602 
1 502 
1 410 
1.338 
1 27 
1.21 
1.165 
1 11
T* B*
3.1 
3 2 
3 3
3.4 
3 5
3.6
3.7
3.8
3 9
4 0 
4 1
4.2
4.3 
4 4
4.5
4.6
4.7 
4 8 
4 9
5.0
6.0
7.0
8. 0
9.0 
10.0 
11.0
12.0
13.0
14.0
15.0
Bi
-0 .3 5 5  
- 0  322 
-0 .2 7 5  
0.248 
- 0.220 
-0 .1 8 8  
~ 0  163 
-0 .1 3 4  
-0  110 
- 0  085 
-0 .0 6 8  
—0 052 
-0 .0 3 3  
-0 .0 1 7  
- 0.002 
-1-0.012 
-1-0.028 
-h 0.042 
-1-0.053 
-1-0. U63 
-1-0.161 
-hO.23 
+  0.28 
+  0.317 
-1-0.346 
+  0.365 
+0.381 
+0.395  
+  0.405 
+  0.416
1.085 
1.043 
1.010 
0.975 
0.940 
0.923 
0.882  
0.807 
0.835 
0 810 
0.788 
0.766 
0.740 
0.72 
0.695 
0.680 
0 665 
0.650 
0.638 
0.620 
0.568 
0 426 
0.356 
0.302 
-  0.245 
0.187 
0.150 
0.104 
0.084 
0.0676
